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Abstract  
 
The treatment of high-strength organic brewery wastewater with added acetaminophen 
(AAP) by an anaerobic digester was investigated. An anaerobic packed-bed reactor (APBR) 
was operated as a continuous process with an organic loading rate of 1.5-g COD per litre per 
day and a hydraulic retention time of three days. The results of steady-state analysis showed 
that the greatest APBR performances for removing COD and TOC were as high as 98 and 
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93%, respectively, even though the anaerobic digestibility after adding the different AAP 
concentrations of 5, 10 and 15 mg L-1 into brewery wastewater can affect the efficiency of 
organic matter removal. The average CH4 production decreased from 81 to 72% is 
counterbalanced by the increased CO2 production from 11 to 20% before and after the 
injection of AAP, respectively. The empirical kinetic models for substrate utilisation and CH4 
production were used to predict that, under unfavourable conditions, the performance of the 
APBR treatment process is able to remove COD with an efficiency of only 6.8%. 
 
Keywords: acetaminophen-contaminated brewery wastewater; anaerobic packed-bed reactor; 
kinetic model; methane production; substrate utilisation.  
 
1. Introduction 
 
Pharmaceutical industry wastewater may contain high-value active ingredients, such as 
acetaminophen, which is classified as recalcitrant because of its physiological storage 
behaviour. Pharmaceutically active compounds (PACs) present in wastewater can affect the 
biodiversity and ecology of the receiving waters when released without treatment (Jones et 
al., 2004; Mendoza et al., 2015). The occurrence and persistence of PACs and their 
metabolites have been detected in sewage treatment plant effluents, surface waters, and, less 
frequently, in ground water and drinking water even though the selection and control of a safe 
and effective therapeutic dose in human and veterinary practices can be made (Sun et al., 
2014; Tambosi et al., 2010). The bacterial toxicity of PACs may play an important role in 
decreasing the performance of biodegradable organic matter removal in affected treatment 
systems (Sponza and Demirden, 2007). Acetaminophen, or paracetamol (N-acetyl-4-
aminophenol) (AAP), is the most frequently used analgesic and antipyretic drug (Narang et 
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al., 2015). In the European Union, sewage treatment effluents were identified as the point 
source of active ingredients in the river water, with AAP concentrations up to 6 µg L-1, even 
though more than 65 µg L-1 of AAP was reported in the Tyne River, UK (Duran et al., 2011). 
The presence of PACs, such as the analgesic AAP in natural waters, has been detected at 
concentrations of 10 µg L-1 in the USA (Kolpin et al., 2002). PACs can be classified as newly 
emerging pollutants (NEPs) (Bell et al., 2011; Murray et al., 2010; Zenker et al., 2014) and 
may cause subtle effects on aquatic and terrestrial organisms due to their virtual ubiquity in 
various environments (Kummerer, 2011; Zuccato et al., 2006). Among the major categories 
of NEPs are pharmaceuticals and illicit drugs, steroid oestrogens (hormones and 
contraceptives) and personal care products (Mostafa et al., 1990; Nikolaou, 2013; 
Ramachandran and Saraswathy, 2014). Therefore, the effectiveness of biological and 
physical treatment processes in the removal of pharmaceuticals and other organic compounds 
needs to be verified (Galhetas et al., 2014; Stackelberg et al., 2007; Yoon and Byun, 2013; 
Zaib et al., 2013). 
 
Wastewaters of pharmaceutical industries generally contain high organic loads, and treatment 
is primarily conducted using two major types of aerobic and anaerobic digestion (Novak et 
al., 2003), even though it can be advanced by an alternating anoxic aerobic process to remove 
inorganic nitrogen pollution (Fulazzaky et al., 2015). Anaerobic digestion processes have 
been widely used for the treatment of high-strength industrial wastewaters containing 
herbicides, antibiotics, phenols, cosmetics, etc. (Abdullah et al., 2013; Chen et al., 2011). A 
hybrid bioreactor of hollow fibre microfilter membrane and cross-linked enzyme aggregates 
has been used for the elimination of AAP (Ba et al., 2014). Consequently, in this work, an 
anaerobic packed-bed reactor (APBR) is used to treat AAP-contaminated brewery wastewater 
due to the large packing media surface area available for the attachment of microorganisms 
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and the reduced bioreaction time (Jong and Parry, 2003). The use of a membrane or 
combined membrane bioreactor could be useful for the treatment of synthetic pharmaceutical 
wastewater containing AAP or trace organic contaminants (Nguyen et al., 2013; Shariati et 
al., 2010). Cascaded anaerobic ponds are the most commonly used process for the treatment 
of wastewaters to withstand high organic loading rates, such as for palm oil mill effluent 
(Fulazzaky, 2013). High-rate anaerobic treatment of pharmaceutical wastewaters in a packed-
bed biofilm reactor with the various types of supporting materials possesses a basic 
understanding of fixed-film biological reactor processes (Gullicks et al., 2011; Satya and 
Venkateswarlu, 2013). The materials used to retain active biomass in the reactor can be 
arranged in various confirmations made out of different materials, such as plastics, granular 
activated carbon, sand reticulated foam polymers, granite, quartz and stones, and can be 
loosely or modularly packed. The advantages of using the supporting materials as biofilm 
carriers are that they can assure a shorter start-up period and a greater amount of retained 
inoculum for faster start-up (Kim et al., 2004). APBR would be suitable for the treatment of 
high-strength wastewaters and has the traditional biofilm resistance to shock loading and 
biological inhibition (Scullion et al., 2007); this can be operated in either an up-flow or 
down-flow feed mode (Nandy and Kaul, 2001; Yu and Gu, 1996). Although the treatment of 
pharmaceutical wastewaters containing synthetic drugs by anaerobic digesters has been 
widely studied in the last two decades (de Graaff et al., 2011; Lin et al., 2012; Masse et al., 
2000), the kinetic models of substrate utilisation and methane (CH4) production in treating 
the AAP-contaminated wastewater by an APBR needs to be established to predict digester 
performance under unfavourable conditions. This may contribute to a better understanding of 
the application and effectiveness of the anaerobic digestion process for the removal of PACs 
from wastewaters.  
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The objectives of this study are as follows: (1) to assess the performance of APBR for the 
treatment of AAP-contaminated brewery wastewaters, (2) to monitor the fluxes of CH4 and 
carbon dioxide (CO2) from a small-scale anaerobic digester to the atmosphere, and (3) to 
investigate the kinetics of substrate utilisation and CH4 production in an anaerobic digestion 
process for treating a high-strength organic wastewater under mesophilic temperature 
conditions.  
 
2. Materials and Methods 
 
2.1. Anaerobic packed-bed reactor  
 
The APBR treatment system (dos Reis and Silva, 2014; Ferraz Jr et al., 2014; Singh and 
Prerna, 2009) used in this study consists of a 22.5-L cylindrical PVC bioreactor, 10-L raw 
wastewater storage tank, 0.5-L Schott bottle filled with AAP and 10-L effluent tank, as 
shown in Figure 1. The bioreactor filled with plastic-based packing media can treat the 
wastewater in an up-flow feed mode. The fragmented pieces of polyurethane pipe, with an 
inside diameter of 0.64 cm, outside diameter of 0.95 cm and density of 900 kg m-3, were used 
as a matrix to immobilise microorganisms. The percentage of void space in the bioreactor 
was approximately 85%, with an effective volume of 18.5 L. The addition of AAP from the 
Schott bottle was regulated using a 230-V centrifugal water pump (Totton Pump Limited, 
Southampton, England) to allow the joining of it to the raw wastewater feeding the APBR. 
The fed wastewater enters the APBR treatment system through a downcomer tube of 0.6 L 
inside the cylindrical PVC bioreactor. The experimental set up used during this study was 
maintained at mesophilic conditions (37ºC), and thus the bioreactor sidewall was enclosed 
within the tubular PVC water-jacket connected to a heat exchanger. The circulations of fed 
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wastewater and effluent were regulated using the centrifugal pumps, and thus the upflow 
velocity was 1.25 cm h-1. The gas pipeline that has access to biogas production in the 
bioreactor was connected to an optical gas bubble counter (made in-house at Newcastle 
University, UK), giving a measurement of the gas volume. The biogas production was 
monitored and collected in the range of 0 to 1.5 L h-1. The APBR treatment system was 
equipped with two sampling ports that allowed biological solids and liquid samples to be 
withdrawn periodically for quantitative analysis throughout the experiment.  
 
(Fig. 1 could be here) 
 
2.2. Operating procedures 
 
One litre of anaerobic granular sludge from an anaerobic sludge digester at the municipal 
wastewater treatment plant of Hexham town, Northumberland, UK, was used as the microbial 
inoculum for the start-up of the APBR treatment process. The brewery wastewaters (Scottish 
and Newcastle Breweries, Newcastle, UK) have an average chemical oxygen demand (COD) 
concentration of 88 g L-1; therefore, the wastewater used was diluted to 5.68% of the original 
concentration with potable water to have an influent COD concentration of 5 g L-1. The initial 
average mixed liquor volatile suspended solids (MLVSS) concentration in the APBR was 
appoximately 6 g L-1. To assess the effect of AAP on the APBR performance, the Schott 
bottle was filled with the AAP of Calpol Six Plus 250-mg/5-mL Suspension. The inlet 
arrangement in the wastewater-fed APBR used a centrifugal pump control to achieve a 
desired concentration of AAP in the diluted brewery wastewaters. The anaerobic digestion 
system was operated at 37°C with an organic loading rate (OLR) of 1.5-g COD per L per day 
and a hydraulic retention time (HRT) of three days. The essential nutrients and trace elements 
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were added and controlled to provide a balanced supply of nutrients with a COD : N : P ratio 
of 250 : 7 : 1 feeding the APBR for the most efficient bacterial growth (Jefferson et al., 2004; 
Méndez et al., 1989); therefore, it needs to verify the presence of N and P in the brewery 
wastewaters regularly before using it for feeding the reactor. The concentrations of COD and 
total organic carbon (TOC) at inlet and outlet of the bioreactor were monitored daily before 
and after the addition of AAP into the diluted brewery wastewaters. The performance of the 
APBR treatment system was monitored in terms of COD, TOC, CH4 production and CH4 
yield to investigate how the presence of AAP affected the treatment of brewery wastewaters. 
Even though this study has not particularly focused on the effect of pH on the APBR 
performance, the pH was measured daily using a pH meter at inlet and outlet of the 
bioreactor. The inlet AAP concentration was selected in the range of 0 to15 mg L-1 based on 
the ecotoxicity EC50 information (Petrie et al., 2015) to understand if the degradation of 
organic matter (see COD, TOC) in the presence of AAP under anaerobic conditions would 
be effective. The experiments were run for four consecutive steps of 20, 10, 10 and 10 days 
by adding the inlet AAP concentrations of 0, 5, 10 and 15 mg L-1, respectively, into the 
diluted brewery wastewaters, as shown in Table 1.  
 
(Table 1 could be here) 
 
2.3. Analytical methods  
 
In this study, the samples selected for the soluble COD measurement (see Standard Methods 
5220-C) (APHA, 2005) were made of two liquids, i.e. (1) supernatant liquor after 
centrifugation to determine the MLVSS concentration in order to represent active 
microorganism mass in the bioreactor (Coskuner et al., 2005) and (2) fresh permeate coming 
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out from the bioreactor. The measurements of volatile fatty acids (VFAs) were carried out for 
the liquid in bioreactor using gas liquid chromatography (Unicam 610 Series Gas 
Chromatograph with an auto-injector and a PU 4811 computing integrator) to having a 
rational understanding of acidogenesis. The percentage of CH4 and CO2 in the biogas was 
determined using gas chromatography (Becker Model 403 Gas Chromatograph with a 
Unicam 4815 Integrator). The APBR treatment system was operated for 50 days, and the CH4 
production profiles were monitored daily using an optical gas-bubble counter (Newcastle 
University, UK) having a measurement range of 0 to1.5 L h-1 and precision within ± 1%.  
 
3. Results and Discussion 
 
3.1. Reactor performance 
 
Anaerobic treatment of high-strength brewery wastewater with an influent COD 
concentration of 5 g L-1 allowed the APBR treatment system to operate at an OLR of 
approximately 1.5-kg COD per m3 per day with an HRT of three days. Figure 2 shows the 
variations of COD and TOC removal efficiency for the APBR treatment process under four 
different test conditions for 50 days of experiment. During the first stage of 18 days of the 
experiment, the efficiency of APBR in removing COD, having long enough to reach a perfect 
steady state, may range between 68 and 75%. Such an efficiency then increases to 
approximately 84% for two days at its real steady-state conditions during the 19th and 20th 
day of the experiment before the addition of AAP. For the remaining 30 days of the 
experimental run, the AAP concentrations of 5, 10 and 15 mg L-1 must be added to the 
brewery wastewater applicable to the APBR formation assays under different exposure 
conditions associated with toxicity of AAP to anaerobic bacteria for the second (10 days), 
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third (10 days) and fourth stage (10 days) of conducting the experiment, respectively. With a 
low upflow velocity of 1.25 cm h-1, even if each experiment of different amounts of added 
AAP has the chance to run for 10 days, anaerobic bacteria have had plenty of time to adapt to 
their environments and to have given rise to numerous descendant forms for removing 
organic matter from contaminated brewery wastewater. 
 
(Fig. 2 could be here) 
 
For the first stage of 20 days, the use of APBR to remove TOC would likely increase the 
average efficiency step-by-step beginning from approximately 61% for eight days to 68% for 
three days to 89% for six days and finally to 93% at its perfect steady state for three days of 
the experiment. This describes how to reach steady-state operation in converting organic 
matter in a continuous mode seemingly matched with the bacterial growth phase (Arcury, 
1982; Narihiro et al., 2004). Under steady-state conditions from the 12th to the 20th day of the 
experiment, the performance of APBR to remove COD would be much lower than that to 
remove TOC; it is only because of a strong proportion of non-oxidable organic compounds. 
Improved treatment efficiency of COD removed in the APBR as monitored by the highest 
CH4 production of 89.3% (see Fig. 3a) upon the addition of 5 mg L
-1 AAP can reach up to 
approximately 98% of its perfect steady state; however, the APBR performance to remove 
TOC was relatively stable with an efficiency of approximately 93%. The performance of the 
APBR treatment process after the addition of AAP with three successive concentrations of 5, 
10 and 15 mg L-1 may be illustrated by monitoring the daily variations of COD and TOC 
efficiency. These variations in treatment system efficiency emerged even though the figure 
compared only these two parameters that shared similar environmental trend lines on a 
biochemical basis for the AAP-induced inhibition of methanogenic fermentation of brewery 
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wastewaters; high variability in the zigzag lines on per cent removals of COD and TOC 
fortified with the addition of 10- and 15-mg L-1 AAP concentration for the third and fourth 
stages of conducting the experiment in contrast with the increasing trend of COD and TOC 
removal for the second stage, which contained an AAP concentration of 5 mg L-1. These 
findings suggest that the addition of a low dose of AAP may have a biofilm resistance to 
shock loading and biological inhibition (Satya and Venkateswarlu, 2013) and avoids 
fluctuation in the rumen methanogenesis while having little adverse effect on rumen 
fermentation (Alidina et al., 2014; Patra and Yu, 2013). Some of the limitations of this 
study include the lack of assessing the APBR performance to remove AAP and of verifying 
the AAP removal mechanisms that occurred by either biosorption or biodegradation. 
 
 (Fig. 3 could be here) 
 
3.2. Biogas production 
 
The use of the modified Gompertz model can be beneficial for performing better prediction 
regarding having a lower difference between the measured and predicted biogas yields (Bah 
et al., 2014). In this study, anaerobic digestion was performed as a continuous process of 1.25 
cm h-1 upflow velocity, where organic matter was constantly added with an OLR of 1.5-g 
COD L-1 d-1 to the reactor. The end biogas products were monitored daily for 50 days. In an 
experimental campaign, the daily biogas production can be determined and would make 
direct comparisons possible between the percentages of CH4 and CO2; the samples of biogas 
were periodically analysed to evaluate percentages of CH4, CO2 and other gases, as shown in 
Figure 3a. Performance ratings would remain relatively stable over the experimental period, 
with a few exceptions. Irregular microbial CH4 production by intermittent decrease in CH4 
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percentage could be due to the high production of other biogases. High stresses resulting 
from the addition of AAP with a concentration of 5 mg L-1 in fed wastewater can reduce to 
37.5% for extremely low CH4 production at the 22-day experiment, even though the fraction 
of CH4 production can increase after the community of microbes has already adapted to that 
background supply of AAP. There were no differences in CH4 production in absolute terms 
between the treatments of AAP addition with concentrations of 10 and 15 mg L-1, and the 
average CH4 production of the APBR treatment process was approximately 72%. Four 
consecutive stages of anaerobic digestion are as follows: (1) hydrolysis: a chemical reaction 
where insoluble and complex soluble organics are converted into simple soluble organics, 
hydrolysed by extracellular enzymes (Zhang et al., 2007); (2) acidogenesis: a biochemical 
reaction where simple soluble organics are converted into volatile fatty acids; (3) 
acetogenesis: a biochemical reaction where volatile fatty acids are converted into acetic acid, 
CO2 and H2; and (4) methanogenesis: a biochemical reaction where acetates are converted 
into CH4 and CO2, while H2 is consumed (Conrad, 1999). Figure 3a shows that the average 
CH4 production decreased from 81% before to 72% after AAP injection of the concentrations 
of 10 and 15 mg L-1 which may be indicated if the acetogenesis of volatile fatty acids causes 
a marked increase in CO2 production, which could result in the percentage of CO2 production 
increasing from 11 to 20%. The effects of AAP, an inhibitor of methanogenesis, on microbial 
metabolism in sludge from a mesophilic (37°C) anaerobic digestion were found from the 
third and fourth step of the experiment, for which the CH4 production was decreased by 9% 
(81 - 72%), which appears to be counterbalanced by an increased CO2 production of 9% (20 - 
11%), balancing the biogases (CO2, CH4, other gases) generated by anaerobic digestion 
released into the atmosphere with an emission of 100%. It is likely that the inhibition of 
methanogenesis by the injection of AAP with the concentrations of 10 and 15 mg L-1 
affects the methanogenic degradation rates of the acetates (Zinder et al., 1984).  
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The oxidative transformation kinetics of AAP under different conditions have been 
investigated to understand the fate of AAP in natural systems (Tan et al., 2014; Xiao et al., 
2013). The effects of adding AAP with different concentrations on VFA composition (Wong 
et al., 2008) in the bioreactor were investigated, as shown in Figure 3b, because it does have 
an influence on methane yield and methanogenic bacteria growth (Wang et al., 2009). As 
substrate composition and properties were changed by the addition of AAP with a 
concentration of 5 mg L-1 to increase the organic strength of brewery wastewaters, the 
presence of VFAs in the bioreactor increased step-by-step from approximately 0.89 g L-1 at 
the 20th day to 2.02 g L-1 at the 25th day of the experiment due to the first addition of 5-mg L-1 
AAP can disturb the energetic level of the cells for bacterial growth and the balance of 
anabolic and catabolic reactions cannot be maintained. After the addition of 5-mg L-1 AAP, 
high VFA concentration of approximately 2.02 g L-1 verified from the 25th to the 27th day of 
the experiment (see Fig. 3b) can cause the pH to decrease from 5.39 to 4.99 (see Fig. 4) and 
results in toxic conditions in the bioreactor (Franke-Whittle et al., 2014), leading to lower 
CH4 production from 89.3 to 60.4%. The pH (see Fig. 4) of approximately 9.6, except for the 
first 10 days of the experiment, at the inlet of the bioreactor could be higher than that of 
approximately 6.6 at the outlet of the bioreactor after the addition of 10- and 15-mg L-1 AAP. 
A significant change in the pH at the outlet of the bioreactor occurred during the adaptation 
of anaerobic bacteria to their environments from the 5th to the 9th day of the experiment 
before and from the 20th to the 24th day of the experiment after the addition of AAP would be 
due to metabolic instability can lead to a change in the concentration of H+ ions (Crepaldi et 
al., 2010). During the development phases from the second to third and then to fourth stage of 
conducting the experiment, the anaerobic bacteria in the bioreactor adapted to the new 
wastewater characteristics imposed by the addition of AAP regardless of whether the OLR 
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and HRT were unchangeable. The VFA concentration was monitored daily in the bioreactor 
indicating only minimal changes in methanogen numbers during periods of high VFAs and 
showing a decreasing trend over time, with the effects of increasing the AAP concentration in 
the fed wastewater on the VFA concentration not being clearly detected due to the absence of 
independent trend lines (Franke-Whittle et al., 2014). The decrease in VFA concentration 
from 0.59 g L-1 at the 30th day to 0.36 g L-1 at the 40th day of the experiment and from 0.36 g 
L-1 at the 40th day to 0.30 g L-1 at the 50th day of the experiment was verified after the 
addition of AAP with the concentrations of 10 and 15 mg L-1, respectively (see Fig. 3b).  
 
(Fig. 4 could be here) 
 
3.3. Methane production and methane yield  
 
Under anaerobic conditions, anaerobes grow by fermentation or anaerobic respiration, in 
which the daily CH4 production can be monitored across a variety of experimental conditions. 
With increasing pressure to treat wastewater effectively, the potential of CH4 production from 
anaerobic digestion would represent one of the most important routes towards reaching 
renewable energy targets (Olsson and Fallde, 2015). Among valorisation possibilities, 
anaerobic digestion for CH4 generation appears to be the most technically feasible to not only 
be environmentally friendly but also profitable (Ruiz and Flotats, 2014). In this study, even 
though the production of CH4 gas from the breakdown of organic matters contained in 
brewery wastewaters can move in a zigzag manner during the treatment process of 50 days, 
this would have resulted in increased CH4 production, with its maximum of 15.7 L d
-1 being 
achieved with a fed AAP concentration of 15 mg L-1 during the 48-day experiment (see Fig. 
5). The sensitivity of AAP with a concentration of 5 mg L-1 to the variations of CH4 
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production in the APBR treatment system can have greater differences than those with the 
concentrations of 10 and 15 mg L-1 due to the change of wastewater characteristics, which 
immediately contribute to shock loading (Scullion et al., 2007) and affect microbial activity 
and CH4 production during the methanogenic stage of anaerobic digestion in the second stage 
of the experiment. The average CH4 production during the treatment process was 8.5 L d
-1, 
although the daily variation was up to more than fifteen times higher when comparing CH4 
production at the end of the 50-day experiment (i.e. 15.2 CH4 L d
-1) with that of the first day 
of the experiment (i.e. 0.9 CH4 L d
-1). Methane yield is defined as the amount of CH4 
produced for a given quantity of organic matter (see COD) that is removed and can indicate 
the performance of the metabolic activity of a methanogenic ecosystem (Michaud et al., 
2005; Seppälä et al., 2009). The extent of CH4 production depends primarily on the quantity 
of degradable organic matters in the brewery wastewater, the temperature, and the design and 
operating features of the APBR treatment system. The results of the potential of CH4 
production per kg of COD removed showed that fermentation of waste and organic substrates 
from the AAP-contaminated brewery wastewaters under mesophilic conditions of 37oC at a 
three-day HRT might achieve the highest CH4 yield of 0.35, regardless of fluctuating CH4 
production (see Fig. 5). The mechanism behind the increased CH4 production could be 
dependent on the biochemical reactions during the bacterial methanogenesis, and the 
fractionation yielded closely approached the thermodynamic equilibrium between CO2 and 
CH4 (Botz et al., 1996). The addition of AAP with the concentrations of 5, 10 and 15 mg L
-1 
to the brewery wastewaters essentially accelerated the CH4 production and remained stable 
throughout the life of the experiment. The increase in CH4 yield could be attributed to the 
addition of AAP into the feed regime particularly at the AAP concentrations of 10 and 15 mg 
L-1.  
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(Fig. 5 could be here) 
 
3.4. Empirical kinetic models for substrate utilisation and methane production 
 
In this work, the applicability of the empirical kinetic models (Barthakur et al., 1991; 
Fulazzaky et al., 2013a; Málek and Criado, 1992) in substrate utilisation and CH4 production 
analysis can be discussed after the addition of AAP in the fed wastewater. Under steady-state 
conditions, the substrate removal rate (see the COD removal rate) can be obtained from the 
equation of r = (Co – Cs)/, where r is the COD removal rate (in g L-1 d-1), Co is the influent 
COD concentration (in g L-1), Cs is the effluent COD concentration (in g L
-1) and  is the 
HRT (in d) (Borja et al., 2003). Note that C = Co - Cs is defined as the removed COD 
concentration during the treatment process (in g L-1). This allows the direct calculation of r as 
the substrate removal and the CH4 production progress throughout the treatment process 
based on the data from monitoring the influent and effluent COD concentrations. A plot (Fig. 
6; see curve-1) of r versus C can determine the linear regression model equation to represent 
the experimental data in the form of r = a × C + b, with a equal to 0.1327 d-1 and defined as 
the slope and b equal to - 0.1709 g L-1 d-1 and defined as the interception of curve r versus C. 
The figure shows a very good correlation between r and C; both fit a linear line with a 
correlation greater than 96% (R2 = 0.9601). The substrate removal kinetics for the APBR 
treating the AAP-contaminated brewery wastewaters could be expressed in terms of r, and, 
by equating it to zero, the minimum C value of approximately 1.29 g L-1 can be obtained. 
Under unfavourable conditions, the APBR treatment process could be capable of removing 
oxidable organic matter from brewery wastewaters with the maximum COD concentration of 
3.71 g L-1 (5 - 1.29 g L-1) allowed in the effluent. 
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(Fig. 6 could be here) 
 
The volumetric CH4 production rate can be calculated using the equation of rm = P/V, where 
rm is the volumetric CH4 production rate (in L of CH4 L
-1 d-1), P is the daily CH4 production 
(in L of CH4 d
-1) and V is the APBR volume (in L) (Borja et al., 2003). A plot (Fig. 6; see 
curve-2) of rm versus C can determine a logarithmic regression model equation to represent 
the experimental data in the form of rm = c × ln(C) + d, where c equals 0.3038 L of CH4 g
-1 d-
1 and d equals 0.1035 L of CH4 L
-1 d-1. The figure shows a good correlation between rm and 
C, and both fit a logarithmic line with a correlation greater than 83% (R2 = 0.8321). In this 
study, the kinetics of CH4 production from the co-digestion of brewery wastewaters with the 
addition of AAP can be investigated to describe and evaluate methanogenesis. The kinetics of 
CH4 production for the APBR treating the AAP-contaminated brewery wastewaters could be 
expressed in terms of rm and, by equating it to zero, the minimum C value of approximately 
0.3 g L-1 can be obtained. The APBR treatment process could be able to produce CH4 gas 
from fermentable organic matter (FOM) even though its performance under unfavourable 
conditions would specify a maximum COD concentration of 4.7 g L-1 (5 - 0.3 g L-1) allowed 
in the effluent. In accordance with the model, apparent first-order kinetics of CH4 generation 
were valid for the APBR treatment process (Vavilin, 2013) due to the rate of chemical 
reaction effectively depending on FOM; therefore, the value of the exponent is one 
(Fulazzaky et al., 2013b). The value of C when r equals zero (Fig. 6; see curve-1) is higher 
than that when rm equals zero (Fig. 6; see curve-2) because a high VFA concentration can be 
observed at the beginning of the addition of AAP to the brewery wastewaters (see Fig. 3b), 
yet it was converted to CH4 and CO2 as the end products of fermentation. 
 
4. Conclusions  
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Although the APBR performance for CH4 production remained low under unfavourable 
conditions for bacterial growth, the digestibility of different AAP concentrations added to 
brewery wastewater had a significant effect on the COD and TOC removal efficiencies. The 
greatest APBR performances were verified as high as 98 and 93% for the removals of COD 
and TOC, respectively, after the addition of AAP with the different concentrations of 5, 10 
and 15 mg L-1. Once the anaerobic bacteria have adapted to their environments, the decrease 
in percentage of CH4 production after the injection of AAP with the concentrations of 10 and 
15 mg L-1 in brewery wastewater could be balanced by an increased CO2 production under 
steady-state conditions. The kinetics of substrate utilisation and CH4 production can be useful 
for assessing digester performance. Consequently, the oxidable organic removal performance 
can be predicted well with the empirical kinetic model.  
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Figure captions 
 
Figure 1 Schematic of the anaerobic packed-bed reactor 
 
Figure 2 Variations of the UAPBR efficiency pursuant to time; where (●) is the per cent 
removal for COD and (○) is the per cent removal for TOC, with the averages of COD and 
TOC removal as high as 74 and 85%, respectively 
 
Figure 3 Variations of: (a) biogas productions, with (●) representing CH4 production, (▲) 
representing CO2 production and (○) representing the production of other biogases; (b) the 
concentration of VFAs observed in the bioreactor, pursuant to time 
 
Figure 4 Variations of pH at inlet and outlet of the bioreactor, with (●) representing pH at the 
inlet and (▲) representing pH at the outlet of the bioreactor 
 
Figure 5 Variations of CH4 production and CH4 yield pursuant to time with (○) representing 
CH4 production and (●) representing CH4 yield 
 
Figure 6 Curves of plotting r versus C (curve-1), with the points (●) used for fitting the linear 
line, and rm versus C (curve-2), with the points (▲) used for fitting the logarithmic line 
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Table 1 Summary of the APBR operating conditions 
Experimental 
period 
(d) 
Duration per stage 
of the experiment 
 (d) 
OLR  
(kgCOD 
m-3 d-1) 
Inlet COD 
concentration 
(g L-1) 
Operating 
temperature  
(oC) 
HRT 
 
(d) 
Inlet AAP 
concentration 
(mg L-1) 
20 20 1.5 5 37 3 0 
30 10 1.5 5 37 3 5 
40 10 1.5 5 37 3 10 
50 10 1.5 5 37 3 15 
 
 
 
 
 
 
 
 
 
 
 
 
 
